Human lymphocyte cultures have been used for many years for assessing the in vitro clastogenic potential of test substances. In these assays the harvest time should be based on the cell cycle time in order to ensure that cells are sampled at an appropriate time for the detection of clastogenic effects. The sources of variation in the cell cycle time in routine cytogenetic assays have not been well studied. Consequently 13 laboratories, all members of the Industrial Genotoxicology Group, participated in a collaborative study to measure the variation in cell cycle time in cultured human peripheral blood lymphocytes under various conditions. The study was performed in two phases, spaced 6 months apart. The average generation time (AGT) was measured by the incorporation of bromodeoxyuridine. Very similar AGTs were found in the presence and absence of S9 mix. The mean AGT (mean of four donors) in each laboratory varied from 11.2 to 17.1 h, indicating there is significant variability in cell cycle times of human peripheral blood lymphocytes between laboratories. There was greater variation between laboratories than within laboratories. A comparison of AGT values at 72 h performed in experiments at least 6 months apart indicated good reproducibility in most laboratories. The study indicates that a 24 h post-treatment harvest may result in the analysis of very few first division cells unless very significant cell cycle delay is induced by the test substance. It was also found that a post-harvest time equivalent to 1.5 cell cycles will result in an approximately equal mixture of first and second division cells and therefore should by suitable for assessing both the induction of chromosome aberrations and polyploidy.
Introduction
The induction of chromosome aberrations in human lymphocyte cultures is a well-established assay for the detection of genotoxic potential. Either whole blood cultures or separated lymphocytes are incubated in the presence of phytohaemagglutinin (PHA) to induce mitosis. Initiation of mitosis occurs © UK Environmental Mutagen Society/Oxford University Press 1997 asynchronously in these cultures so that at the time of administration of the test substance the cells are asynchronously dividing and are at various stages of the first or second cell cycle. The cells are harvested at an appropriate time after initiation of treatment and this time is an important variable in cytogenetics studies. As many chromosome aberrations are unstable, resulting in lethality to the cell after division, sampling times should be chosen so that most cells analysed are in their first metaphase after treatment. Cells containing chromosome aberrations may be delayed in their cell cycle progression and therefore a sampling time of ~1.5 cell cycles after treatment should include damaged cells in their first division which have been delayed by test substance treatment. This time period has been empirically derived, although there is some evidence from Chinese hamster ovary (CHO) studies that this is the harvest time corresponding to the maximum yield of chromosome aberrations for several chemicals and that use of this single harvest time is adequate for detection of in vitro clastogens, even if the peak of chromosome aberrations is missed at this harvest time for some chemicals (Loveday et al., 1989; Bean et al, 1992) .
There is considerable variability in the regulatory requirements for harvest times in in vitro cytogenetics studies at present, although this is now being addressed as part of harmonization initiatives (OECD, 1995) . At present, some regulatory authorities specify harvest times in terms of posttreatment times (e.g. the Japanese authorities currently require 24 and 48 h post-treatment times) while others specify posttreatment periods in terms of the cell cycle time (e.g. the guidance note for the EC BIO guideline (European Community, 1992) which specifies two harvest times, at 1-1.5 cell cycles and up to 24 h later). This latter guideline requires the submitting laboratory to determine the cell cycle duration under their standard conditions. When human lymphocytes are used for in vitro cytogenetic assays a number of factors may affect the cell cycle time. These include donor variation including the age of the donors (Tice et al, 1979; Takeshita et al, 1992) , culture media and components (Wolff et al, 1984; Sinha et al, 1988) and use of separated lymphocytes or whole blood cultures (Kubbies et al, 1985) . Many studies have investigated the distribution of first (Ml), second (M2) and subsequent divisions in lymphocyte cultures but most of these have used a protocol incorporating bromodeoxyuridine (BrdUrd) at the time of mitogenic stimulation. Such studies have indicated the optimal time for maximal yield of Ml cells for assessing in v/vo-induced clastogenic damage or M2 cells for in v/vo-induced lesions leading to sister chromatid exchange formation. These have shown that individuals have a variable response to the mitogenic stimulus (e.g. Crossen and Morgan, 1977; Leonard and Decat, 1979) . Morimoto and Wolff (1980) and Morimoto et al. (1983) used a combined tritiated thymidine and sister chromatid differentiation labelling technique to show that the heterogeneity of cells within cultures is a reflection of a difference in the times the cells enter their first DNA synthesis and that the cells have about the same cell cycle times thereafter. The variability of cell cycle times in cycling cells and factors influencing the cell cycle time after entry into mitosis are not well understood. An understanding of these is important in order to define protocols which maximize the detection of in vitro clastogens. In order to determine the sources of variation in these assays the Industrial Genotoxicology Group conducted a collaborative trial involving 13 laboratories to investigate inter-and intra-laboratory variability in cell cycle duration. The aim of the trial was to investigate variability between assays as routinely performed and not to determine the reproducibility of the cell cycle determinations of individual donors. The study was conducted in two phases. In the first phase, experiments were performed using the conditions normally used in each participating laboratory, in the presence and absence of S9 mix and also using 'common' conditions involving common media, PHA, serum and culture conditions. In the second phase, carried out over 6 months later, the experiments were repeated in the absence of S9 mix only using the laboratories' normal procedure's. Cell cycle duration " was determined by incorporation of BrdUrd and analysis of cell cycle kinetics by the method of Tice et al. (1976) and Ivett and Tice (1982) .
Materials and methods

Phase I
In each laboratory blood from two donors or from two lots of pooled blood was tested in the first experiment. Where whole blood cultures were employed, individual donors were used. In the laboratory where pooled blood was used, this was obtained from several donors and lymphocytes were separated by standard techniques. Each participant used the conditions normally used in their own laboratory in the presence and absence of S9 mix. The major features of the protocols used by each laboratory are summarized in Table I . In addition, a common protocol was used with Roswell Park Memorial Institute (RPMI) 1640 medium, fetal calf serum and PHA all supplied from a common source (Life Technologies, Paisley, Scotland). This medium was supplemented with penicillin and streptomycin and L-glutamine. For the common conditions, hepannized whole blood was cultured in capped tubes. For both the common conditions and the laboratories' own conditions, BrdUrd at a final concentration of 10 (iM was added at 48 h after culture initiation and cultures were harvested at 72 and 96 h after culture initiation. All cultures were set up in duplicate. A repeat experiment was performed at a later date with a further two donors or pooled donors and using the laboratory's own conditions.
Phase 11
Between 6 months and 1 year after the initial experiments each laboratory repeated the experiments using their own culture conditions. 30 |iM BrdUrd was used in this phase and it was added at 48 h for the 72 h harvest and at 72 h for the 96 h harvest. Again, the experiments were repeated a few weeks later.
Male donors aged 20-40 years were used in nearly all experiments. A few studies were conducted on female or older donors, as indicated in the results tables. Following harvest and differential staining according to standard techniques, the cell cycle kinetics were determined by scoring the number of first, second and third division metaphases in 100 cells per culture. The proliferative index (PI) was calculated as: 
Statistical analysis
The data were analysed using analysis of variance and the repeatability values (r = the value below which the absolute difference between two results using the same test conditions may be expected to lie with a probability of 95%) and reproducibility values (R = the value below which the absolute difference between two mutually independent test results may be expected to lie with a probability of 95%) were calculated. 
Results
The results of both phases of the trial are shown in Tables II-IV . Very similar AGTs were found in cultures treated in the presence and the absence of S9 mix (Table II) . The mean AGTs measured between 48 and 72 h of culture varied from 11.2 to 17.1 h using the laboratories' standard conditions (Table II) . There was a greater variation between laboratories than within laboratories (F = 13.29, 11 degrees of freedom, P < 0.001). The repeatability value r, a measure of the expected within laboratory variability, for Phase 1 was 3.32 h with a coefficient of variation (CV) of 0.08 for cultures treated in the presence of S9 and 3.41 h with a CV of 0.08 in the absence of S9. The reproducibility value R, a measure of variability between laboratories, was 4.95 h with a CV of 0.11 for the with S9 cultures and 5.80 h with a CV of 0.14 for the minus S9 cultures. A comparison of the AGT values at 72 h within laboratories performed at least 6 months apart indicated good agreement in most cases. However analysis of variance of the two phases of the study indicated an interaction of laboratory and phase, i.e. some laboratories had statistically significant differences between phases and this was not consistent (laboratories 2 and 9 had significantly shorter times in Phase 1; laboratories 4 and 5 had significantly longer cycle times). A greater range of AGTs (10.6-20.8 h) was seen using the common conditions (Table IV) and again the inter-laboratory variability was greater than the within laboratory variability (F = 19.4, 11 degrees of freedom, P < 0.0001). In general the values were considerably higher than using the laboratories' own standard conditions, possibly reflecting the optimization of conditions that had been achieved in each laboratory using their standard culture conditions.
In phase I, the analysis of cultures which had been exposed to BrdUrd for 48 h and harvested at 96 h indicated very high AGTs (~ 18-40 h, data not shown). This is considered to be due to the level of BrdUrd (10 (XM) becoming limiting over the 48 h culture period in the rapidly proliferating cultures, resulting in poor differentiation and scoring of third or subsequent divisions as first divisions and the presence of more B cells at later times which may require higher levels of BrdUrd for optimal differentiation (Miller, 1986) . The poor differentiation of the cultures harvested at 48 h after addition of BrdUrd was not found in the 24 h harvest. In Phase II the protocol was altered to include higher BrdUrd concentrations and more accurate determinations of the AGT between 72 h and 96 h of culture were obtained. Alteration of the BrdUrd concentration up to 50 |4M has been shown to have no effect on cell cycle kinetics (Lambert et al, 1976) and therefore comparison between Phase I and Phase II is not affected by the change of concentration. The cell cycle time is similar between 48-72 h and 72-96 h in all laboratories except one (Lab 11) where the cell cycle increased considerably after 72 h (Table III) . A 24 h harvest time is required by Japanese regulations and many laboratories use this as a standard harvest time for human lymphocytes. In the present studies, the frequency of first metaphases at 24 h after addition of BrdUrd varied from 7% (Lab 7, without S9) to 59% (Lab 4, with and without S9) with most laboratories having considerably <50% of the cells at Ml at this harvest time. Although chemical treatment may extend the cell cycle time in an unpredictable way, this indicates that a 24 h harvest time is probably sub-optimal for the detection of clastogens in most laboratories.
The frequency distribution of M1:M2:M3 was analysed to determine the proportion of second metaphases which would be present in cultures harvested at a time corresponding to 1.5 cell cycles. Only 8 sets of cultures where the cell cycle time was ~16 h (±2 h) have been selected for this analysis as this would correspond to ~1.5 cell cycles when a harvest time of 24 h is used. The incidence of Ml, M2 and M3 cells found under these conditions is given in Table V . At a harvest time equivalent to ~1.5 cell cycles there are almost equal numbers of Ml andM2 cells.
Discussion
These studies indicate that a harvest time of ~ 17-25 h, depending on the cell cycle time determined in each laboratory, is appropriate for measuring clastogenicity in lymphocytes 1.5 cell cycles after treatment with a test substance. Many cells sampled at this time will be at first metaphase when test substance induced cell cycle delay has occurred. A harvest time corresponding to 1.5 cell cycles in untreated cultures of CHO cells has been shown to be optimal for detecting most clastogens (Loveday et al., 1989; Bean et al., 1992) .
The reproducibility of the cell cycle times of individual donors was not specifically determined in this study. However the consistency of cell cycle times of different donors within most laboratories indicates that donor variation is not a significant factor. In a few cases where some variation was found within a laboratory the contribution of this factor to the experimental variability can not be excluded. The variability of cell cycle time within a laboratory over extended periods is low, indicating the repeat determination of cell cycle time of human lymphocyte cultures in a laboratory is only necessary when culture conditions change. The variability of cell cycle time of different donors, found when BrdUrd is incorporated at initiation of cultures (e.g. Crossen and Morgan, 1977; Leonard and Decat, 1979) , was not found when the cell cycle time of cycling cells was studied. Some cells will enter their first mitosis post-initiation later than 48 h as studies where BrdUrd has been incorporated at initiation have shown between 18% (Ticee/a/., 1979) and45% (Auf der Maur and BerlincourtBohni, 1979 ) Ml cells at 72 h. Therefore there will be some effect of the initial rate of recruitment of dividing cells on the distribution of Ml, M2 and subsequent divisions between 48 and 72 h of culture. For this reason AGT is only an approximate of cell cycle time. For example cultures with similar AGTs may have a different distribution of Ml, M2 and M3 cells (e.g. cultures 4 and 8, Table V) .
The variation in combinations of media and culture conditions employed in this study (as used routinely by each laboratory) prevents a detailed analysis of individual protocol factors and cell cycle time. However there was no obvious correlation between culture conditions and AGT. For example, the shortest and the longest AGT were both found in cultures grown in RPMI 1640 with fetal calf serum. In Phase I the slowest cycle time was obtained with pooled cultures of separated lymphocytes from several donors (lab 4) and this is in agreement with the observation of Kubbies et al. (1985) who showed isolated lymphocytes are delayed by 4-6 h in their response to PHA stimulation. However this effect was not reproduced in Phase II. Therefore it is not possible to draw any conclusions concerning specific culture conditions or components and the cell cycle times of lymphocytes.
Lymphocyte cultures are heterogeneous and the composition of dividing cells may vary with media composition and culture conditions. In a study using the sister chromatid differentiation technique coupled with antibodies against T and B cell subsets, it was shown that at 72 h after PHA stimulation the metaphase population was between 6% and 21% B cells and approximately 75% T cells (Larramendy and Knuutila, 1990) . They also showed that B cells had a longer AGT than T cells. Other studies also indicate that B cells proliferate in PHA stimulated cultures (e.g. Schwartz and Gaulden, 1980) . Within the present study, white cell counts were also performed at initiation and at 24 h intervals (data not shown). Decreases in white blood cell count were found in all laboratories except one over the first 24 h followed by a steady level up to 72 h following initiation and an increase in cell number at 72 h. A more detailed analysis was performed by two laboratories and reported elsewhere (O'Donovan et al, 1995) . They used flow cytometry analysis of the lymphocyte populations and showed a steady level of T cells up to 48 h after initiation followed by a gradual increase in the percentage of T cells after this time. The B cell population snowed a slight decrease at Day 1 and then a steady level over the following 3 days. These studies illustrate the dynamic and heterogeneous nature of the lymphocyte cultures as used in cytogenetics studies, where decreases by cell death and proliferation of white blood cell populations occur simultaneously. Obviously the assay has been used extensively for assessing clastogenic potential and the variability and the poorly defined composition in the lymphocyte cultures does not affect their utility as a test system. One interesting observation from the present studies was the distribution of first, second and subsequent divisions seen at a time equivalent to 1.5 cell cycles. The asynchrony of lymphocyte cultures ensures a mixture of cells which have undergone different numbers of divisions at all times after the first appearance of mitotic cells. As shown in Table V the distribution is ~50:50 for Ml and M2 cells at a time equivalent to the average value for 1.5 cell cycles. This is the harvest time recommended for detection of clastogens. Although the primary objective of conducting cytogenetics studies is to detect clastogenicity and not numerical chromosome changes, some current guidelines recommend or require that polyploidy be scored, as an indicator of aneugenic potential. The presence of M2 cells in cultures at the time optimal for detection of clastogenicity would allow polyploidy to be scored in the same cultures and avoids the need for a delayed harvest time for this endpoint.
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